* The rate of pyrolysis in absence of oxygen is appreciable (0*05mm./min.) under these conditions, though small compared with the rate of oxidation. There was no sign of an induction period in the absence of oxygen but with 7 mm. oxygen the reaction took 12 min. to attain its Pmaa. of 0*7 mm./min. substantially constant. Analogous behaviour is shown by unsubstituted paraffins (Cullis et al. 1947). Above 294° C (30mm. C3H 7Cl/250mm. 0 2) the reaction gives rise to a cool flame, a further indication th at the general nature of the reaction is similar to that of unsubstituted hydrocarbons.
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Physical Chemistry Laboratory, University of Oxford (Received 23 July 1948) In the kinetics of their gas phase oxidations primary and some secondary chloro-paraffins are generally similar to the corresponding hydrocarbons. The rate is strongly affected by the pressure of the organic reactant and nearly independent of oxygen. (With tertiary chlorocompounds an oxygen-catalyzed pyrolysis obscures the direct oxidation.)
For the oxidation a mechanism analogous to that proposed for hydrocarbons is assumed, • namely one in which the rate is governed by branching chains whose development depends upon the breaking of an unstable -O-O-link.
Previous work on the influence of hydrocarbon structure is interpreted with the aid of the hypothesis that methyl groups exert a specific stabilizing effect (and that relatively rapid oxidation demands a point of attack in the molecule sufficiently remote from a methyl group).
In the light of this hypothesis the influence of chlorine atoms is compared with that of methyl groups. The chlorine accelerates the oxidation (a) by impairing the symmetry of a methyl group into which it is introduced, and (6) by a direct inductive effect of its own.
The opposite effects of chlorine and of methyl are consistent with the view that the -O-O-links are stabilized by electron accession and weakened by electron recession.
In flu en ce o f ch lorin e su b stitu tio n on th e rate o f o x id a tio n o f paraffin h yd rocarb on s I n t r o d u c t io n
One of the most remarkable characteristics of hydrocarbon oxidation is the profound influence of structure on reaction rate. I t expresses itself both in a rapid increase in velocity as a normal paraffin chain is lengthened, and in an equally striking decrease as a molecule of given carbon content becomes more branched. These effects are specific to the oxidation reaction and do not affect the pyrolysis in anything like a comparable way. The object of the present paper is to consider the influence of chlorine substitution upon oxidation.
Here we have to deal with the effect of a given substituent atom, and it will facili tate subsequent discussion to explain first th a t in the light of the evidence now available we consider the influence of structure on the oxidation of normal and branched paraffins to be very largely a function of the methyl groups in the molecule. The present point of view may be stated as follows. Methyl groups appear in the first place to be inherently resistant to initial attack (compare the very low oxidation rates of methane and ethane), a m atter which is being considered further in another paper. Normally, therefore, the initial attack of oxygen on the hydrocarbon is at a CH2 or CH group. In this respect the behaviour of oxygen is similar to th a t of other electrophilic reagents, e.g. alkyl radicals and Cl atoms (Smith & Taylor 1939; Rice & Rice 1935; Steiner & Watson 1947) . Methyl groups also exert a specific effect in hindering the development of the branching chain (which must be postulated to explain the kinetic phenomena as a whole). I t is the development rather than the initiation of the branching chains which will have the greatest influence on the rate. [ 160 ]
We assume, indeed, th a t the molecules which contribute to the reaction are over whelmingly those in which the initial attack has bev en suitable for this rapid develop ment. (Even if another initial mode of attack were somewhat easier it would contribute little, because the chain-branching which ensues from it is relatively so much less important.) W ithout for the moment making any further hypothesis about the nature of the stabilizing effect of methyl groups the assumption of its existence suffices to correlate the structural influences just referred to, which are otherwise rather difficult to bring under one head.
We assume the oxidation rate to be some inverse function of a 'stability factor', calculated by assigning unit contribution to a methyl group adjacent to th a t centre in the molecule where the initial oxygen attack has occurred, 1/3 to a group one atom removed and so on. The decrement of 1/3 is taken by analogy with the work of Derick (1911) on inductive effects in acid dissociation.
The stability factor, S, for each possible reaction centre of a given paraffin is calculated and the chain ramification taken to be determined by the lowest possible value of S. A graph of S against the logarithm of the reaction rate shows a single functional relation for normal and branched paraffins, as may be seen in figure 6 .
According to this way of regarding the m atter long normal paraffins oxidize readily because they contain points of attack far enough removed from CH8 groups, while branched structures are stable because they do not.
The effect of the methyl group may reasonably be ascribed to its efficiency as an electron source, and this in turn may very possibly be due to its symmetry and its aptitude for participation in electron delocalization phenomena (Coulson 1947; Hinshelwood 1948) . If the three hydrogens of the methyl group all contribute electron density to the fourth bond, then the transmission of negative charge to the rest of the molecule is facilitated. I t is in this connexion th a t a comparison between the effects of methyl and of chlorine on hydrocarbon oxidation assumes special interest. The same phenomenon manifesting itself in a different way leads to a stabilization of the methyl group, which may, therefore, be expected to resist initial attack by oxygen.
For the purposes of the comparison between methyl and chlorine the interpreta tion of the reaction mechanisms involved in hydrocarbon oxidation need not be carried further. A more specific hypothesis, however, is relevant to the discussion of the general kinetic behaviour of the chloro-derivatives. Our working hypothesis about chain initiation and development has been discussed elsewhere (Cullis, Hinshelwood, Mulcahy & Partington 1947) . The essentials are as follows. Initiation is by the steps RH + 0 2 = R + H 0 2
-OAlkoxyl radicals of the right type break down to give lower alkyl radicals + aldehydes. The former may react with oxygen to suffer further degradation or with paraffin to regenerate R .
The stabilizing effect of electron sources is assumed to consist in a strengthening of the peroxidic link, and the consequent hindrance of chain development.
The most striking kinetic characteristics which this scheme summarizes are: (a) the existence in the low temperature oxidation of an induction period and the gradual acceleration of the reaction to a maximum rate;
(b) independence, over a considerable range, of oxygen pressure and reaction ra te ; (c) steep increase of rate with concentration of hydrocarbonÎ f the oxidation of the chlorine-substituted hydrocarbons takes place according to a mechanism basically similar to th at which obtains for the unsubstituted com pounds, the same kinetic characteristics should again be in evidence.
In what follows the problems to be considered are: (1) To what extent the reactions of the chloro derivatives are comparable in mechanism with those of the simple paraffins.
(2) Where the mechanisms are in fact comparable, what are the relative influences of methyl and chlorine.
E x p e r i m e n t a l

Methods
The vapour of chloro-hydrocarbon and oxygen were admitted separately to a closed silica reaction vessel a t constant temperature and the reaction followed manometrically. Details, including methods of analysis, were as previously described (compare Cullis et al. 1947 ). The reaction is very sensitive to surface conditions. At first erratic results are obtained, but after a number of preliminary runs in the vessel with standardization of evacuation procedure reasonably consistent values for the rate are achieved. Two separate reaction vessels of 290 and 270 ml. respec tively were used, the rates in the larger vessel being the greater. A certain irreproducibility is almost certainly due to variations in the chain-controlling character of the vessel walls, but it is not serious enough to mask the broad structural com parisons which are to be considered.
The pressure-time curves
W ith most of the chloro-paraffins a gradual build-up in the reaction rate was observed, the pressure-time curves being, in a general way, analogous to those obtained with the unsubstituted substances.
The effect of reactant concentrations on the reaction rate
This was investigated by measuring a t constant temperature the maximum rates of oxidation (Pm&x.) for various mixtures of chloro-paraffin and oxygen. R are given below for 1-chloro-propane, l-chloro-3-methyl-butane, 2-chloro-propane and 2-chloro-butane, the first being a primary substituted straight chain, the second a primary substituted branched chain and the third and fourth secondary sub stituted straight chains. I t will be shown later th at tertiary substituted compounds are unsuitable for investigation.
1 -Chloro -propane. Figure 1 (curve A) refers to mixtures of 102 mm. initial oxygen pressure with various initial pressures of 1-chloro-propane a t 271° G. The rate rises with rather more than the second power of the chloro-hydrocarbon pressure. Figure 2 (curve a), which refers to 30 mm. 1-chloro-propane with various pressures of oxygen a t 271° C, shows the rate to be independent of oxygen concentration from 500 to 20 mm. initial pressure. Between 20 and 7 mm. the rate falls off rapidly.* I t is evident th at in the strong dependence of the rate on hydrocarbon concentration and the absence of any effect of oxygen over a wide range, the behaviour of this substance is similar to that of unsubstituted hydrocarbons. Figure 2 (curve 6) gives the final pressure increase on complete reaction (Ap*) for various pressures of oxygen and 30 mm. 1-chloro-propane. Ap* increases to a maximum value a t about 100 mm. initial oxygen pressure, thereafter remaining substantially constant. Analogous behaviour is shown by unsubstituted paraffins (Cullis et al. 1947) . Above 294° C (30mm. C3H 7Cl/250mm. 0 2) the reaction gives rise to a cool flame, a further indication th at the general nature of the reaction is similar to that of unsubstituted hydrocarbons.
l-Chloro-3-methyl-butane. Figure 3 shows th at the behaviour of this compound at 227° C is also analogous to that of the paraffins. 2-Chloro-butane. Figure 4 shows the behaviour at 220° C of this secondary com pound. Dependence of on the reactant concentrations is similar to th at of the primary and of the unsubstituted compounds. The rate remains independent of oxygen concentration down to an initial oxygen pressure of less than 10 mm.
2 -Chloro-propane. Figure 1 (curve B) shows the effect on pmax> of increasing initial pressures of this compound a t 343*5° C. Comparison with curve A shows th at the rates are less than those found with 1-chloro-propane in spite of the 70° higher temperature. Figure 5 (curve a) shows th at />max. is independent of oxygen con centration above 8 mm. The initial (maximum) rate of pyrolysis (50 mm. 2-chloropropane) was 0*27 mm./min.
The evidence so far indicates similarity between the reactions of the primary and secondary substituted propanes. Nevertheless, the case is quite otherwise, as may be seen by comparison of the effects of initial oxygen concentrations on the final pressures reached (figures 2 (curve b) and 5 (curve 6)). W ith 2-chloro-propane, Apoo is almost independent of the oxygen pressure: there is no falling off of the pressure of products as the amount of oxygen is decreased such as is observed with the primary compound. In fact Ap,* reaches the full pyrolysis value of 50 mm. with only 0*2 mm. oxygen present. W ith increasing oxygen concentration, Ap* decreases somewhat, reaching an apparently constant value of 46 mm. a t about 250 mm. initial oxygen pressure.* The contrast with the behaviour of the primary compound is remarkable. I t is apparent from this result that the main function of the oxygen is catalytic. Presumably the reaction observed is the pyrolysis to propylene and HC1 catalyzed by oxygen. This view is supported by various experiments of which the following, with 30 mm. 2-chloro-propane and 250 mm. oxygen at 330° C, may be quoted as an example. The initial reaction was almost complete in 2 hr., but after a further 40 min. a fast reaction suddenly set in, which was due undoubtedly to oxidation of the products of the first stage.
The experiments with 2-chloro-propane clearly provide no values for the rate of oxidation suitable for quantitative comparison with 1-chloro-propane and other compounds. The rate of pyrolysis observed does, however, give an upper limit to the rate of oxidation and there is no doubt th a t , the 2-compound oxidizes much less rapidly than the'prim ary one.
Other secondary and tertiary compounds. The question arises whether other secondary (and tertiary) compounds are oxidized or pyrolyzed under the conditions of the experiments. W ith 30 mm. 2-chloro-butane and 250 mm. oxygen a t 260*7° C. Apoo was found to be 32 m m.; with 5 mm. oxygen A was 5 mm. On the other hand, 30 mm. of the isomeric tertiary compound 2-methyl-2-chloro-propane a t the same temperature gave 28 mm. for Ap*, with 5 mm. oxygen which is nearly equal to the 34 mm. obtained with 250 mm. Moreover, the maximum (initial) rate of pyrolysis of the tertiary compound in the absence of oxygen a t 260*7° C was found to be half the maximum rate of oxidation. A similarly high rate of pyrolysis was observed with 2-methyl-2-chloro-butane. I t may be concluded th a t the reaction with the secondary substituted butane, and probably other secondary compounds, except 2-chloropropane, is oxidation, but catalyzed pyrolysis occurs with the tertiary com pounds.
Most of the substances for which the comparative rates have been measured are primary compounds. A part from 1-chloro-propane (which is the least susceptible to oxidation), the dependence of the final pressure on oxygen pressure was not in vestigated. In view, however, of the comparative stability of the compounds to wards pyrolysis, the result obtained with 1-chloro-propane, the similarity of the formal kinetics to those of the unsubstituted substances and the general structural consistency of the comparative oxidation rates (see below), there can be little doubt th a t the reaction of the compounds with oxygen is basically similar in nature to th a t which occurs with the unsubstituted paraffins.
C. F. Cullis, Sir Cyril Hinshelwood and M. F. R. Mulcahy
Analytical results
Various analytical measurements were made by the methods stated in the previous paper (Cullis et al. 1947 ) on 1-chloro-pentane for comparison with those previously made for the paraffin oxidation. Both peroxides and aldehydes were detected. In the early stages of the reaction, the concentrations of peroxides and aldehydes run roughly parallel with the rate of pressure increase, and reach maximum values when the rate acquires its maximum value (pm&x.)-The results given in table 1 represent the maximum amounts of intermediates present a t any stage of the reaction. On the assumption th a t the quantities of intermediates present are approximately proportional to the rate of pressure increase a t th a t time, the numbers given have been reduced to equal values of Peroxides are formed in roughly equal amounts in the two cases, but whereas in the oxidation of w-hexane approximately equivalent quantities of higher aldehydes and formaldehyde are formed, the aldehyde detected during the slow combustion of 1-chloro-pentane consists almost exclusively of formaldehyde. The reason for this difference is not yet clear. The chloro-aldehydes, which would presumably be formed from the latter compound, may polymerize or decompose rapidly under the experimental con ditions, or, possibly, such compounds may not respond as readily as unsubstituted aldehydes to the methods of analysis employed. 
T a b l e 1. R e l a t i v e q u a n t i t i e s o f i n t e r m e d i a t e p r o d u c t s f
Discussion of structural influences
Hydrocarbons. In table 2 are shown the relative oxidation rates of a number of straight-chain and branched-chain hydrocarbons together with the minimum values of the stability factor, S, which have been calculated as explained in the introduction. As far as possible, the comparisons of oxidation rates have been made under identical conditions of concentration and temperature but, where this was not practicable because of the enormous differences in oxidizability between the compounds studied, measurements had to be made in pairs a t a series of temperatures. Figure 6 shows the relationship between log10(rate) and S, to which reference has already been made. Primary chloro-paraffins. Table 3 (a) shows the relative oxidation rates and the stability factors for a number of primary chloro-paraffins. S was calculated in the following way.
The important point of attack of a hydrocarbon molecule is where the com bined influence of the methyl groups is least. The group -CH2C1 may be regarded as a substituted methyl group, the symmetry of which has been impaired by the replacement of a hydrogen atom by a chlorine atom. Initial attack will be taken not to occur readily a t this group. In the compound 1-chloro-butane,
CH3.CH2.CH2.CH2C1, the point of attack will probably be either a t (1) or (2), but (2) is more likely than (1) since it is further from the unsubstituted methyl group, which has a more powerful stabilizing influence than the substituted group. I f we assign to the group -CH2C1 as a whole a contribution x (relative to CH3 = 1-0), the stability factor of the above compound will be: x+ §(1*0). moreover, the substituted compounds a general conformity with the hydrocarbons themselves, then from the results for the latter (compare figure 6), 1-chloro-butane (for which log10 (rate) = 0*300) should have a stability factor of 0*66. Equating these values, # + 0*33 = 0*66, whence x = 0*33.
S may now be calculated for other primary chloro-compounds with the assumption th a t this contribution of the -CH2C1 group is decreased to £ for every -CH2-group intervening between it and the point of attack. Figure 6 shows th a t the general relationship between 8 and the oxidation rate is maintained in the primary alkyl chlorides. The introduction of a chlorine atom into the end of a hydrocarbon molecule may exert two distinct influences: (1) it impairs the symmetry of a methyl group, (2) it exerts its own specific inductive effect. These two effects are difficult to separate. The experimental results indicate clearly that a -CH2C1 group as a whole exerts a less unfavourable influence than a -CH3 group on ease of oxidation though the relative contributions of (1) and (2) cannot yet be estimated.
Secondary chloro-paraffins. The influence of the chlorine atom alone may, however be found from measurements on secondary chloro-paraffins. The experimental results are unfortunately not numerous since, of the compounds examined, only 2-chloro-butane and 2-chloro-pentane undergo normal oxidation, the reaction of 12-2 2-chloro-propane with oxygen being probably an oxygen-catalyzed pyrolysis (see above). symmetry of a methyl group. In 2-chloro-butane: CH3.CH2.CHC1.CH3, the favourable influence of chlorine makes attack more probable at (2) than a t (1). If we ascribe to the chlorine atom a contribution y (relative to CH3 = 1-0), the stability factor of this compound will be: 0*33 + 1-0 + y. At the same time, it appears from figure 6 th at for this compound (for which log10 (rate) = 0-249) the value for S should be 0-79, whence 0-33+1-0 + 2/ = 0-79, so th at y = -0-54.
(1) (2) In 2-chloro-pentane, CH3.CH2.CH2.CHC1.CH3, the most likely points of attack will be (1) and (2). If we adopt the above value of -0-54 for the influence of chlorine, the stability factor will be a minimum for attack at (1). 8 is then 0-33 + 0-33 + !( -0-54), i.e. 0-48, which makes this compound conform to the general series (figure 6).
Assuming th at the inductive influence of chlorine is the same in both primary and secondary chloro-paraflins, an estimate can now be made of the relative magni tudes of the two effects produced by substituting chlorine for hydrogen in a methyl group. At an adjacent carbon atom, the contribution of 1-0 for -CH3 becomes 0-33 when this group is replaced by -CH2C1, so th at the introduction of Cl causes a change of -0-67 in the stability factor. Of this, |( -0-54), i.e. -0-18 is due to the inductive influence of chlorine, so th at the remainder, i.e. -0-49 might be ascribed to the impairment of the symmetry of the methyl group. The latter effect thus appears to be of considerably greater importanfce.
Peroxide stability. Observations on the influence of structure show clearly th a t in the oxidation of hydrocarbons and alkyl chlorides (1) methyl groups have an unfavourable effect on the rate, and (2) substitution of chlorine for hydrogen facilitates oxidation, both because the number of methyl groups may thereby be diminished and because the chlorine exerts a specific influence of its own.
In an earlier paper (Cullis et al. 1947 ) the large structural influences encountered in hydrocarbon oxidation were ascribed primarily to the varying ease of fission of the O-O bond in intermediate peroxides. The stability of such peroxides may well depend on electronic effects transm itted by the groups attached to the two oxygen atoms. Chlorine, which is a powerfully electronegative element, constitutes an electron-attracting group. Its specific influence is opposite to th a t of the methyl group which possesses a capacity for electron-repulsion.
The results so far obtained therefore suggest th at the O-O bond in peroxides of the type: R -O-O-R' is strengthened if the attached groups are electronrepelling, and weakened if they are electron-attracting. This conclusion is in agreement with the view recently expressed by Walsh (1947 Walsh ( , 1948 , who argues that the strength of bonds between strongly electronegative elements will be increased
